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Abstract The intensity of cyclones in the Pacific is predicted to increase and sea levels are
predicted to rise, so an atoll nation like Tuvalu can serve as the ‘canary in the coal mine’
pointing to the new risks that are emerging because of climatic change. Based on a household
survey we conducted in Tuvalu, we quantify the impacts of Tropical Cyclone Pam
(March 2015) on households, and the determinants of these impacts in terms of hazard,
exposure, vulnerability and responsiveness. Households experienced significant damage due
to the storm surge caused by the cyclone, even though the cyclone itself passed very far away
(about a 1000 km from the islands). This risk of distant cyclones has been overlooked in the
literature, and ignoring it leads to significant under-estimation of the disaster risk facing low-
lying atoll islands. Lastly, we constructed hypothetical policy scenarios, and calculated the
estimated loss and damage they would have been associated with – a first step in building
careful assessments of the feasibility of various disaster risk reduction policies.
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Introduction
A Small Island Developing State (SIDS) in the Pacific, Tuvalu consists of nine low-lying atoll
islands spread over a large expanse of ocean. Tuvalu is one of the most vulnerable countries to
disasters in per capita terms; and is particularly vulnerable to destructive cyclones with their
associated storm surges and flooding.1 Changes in weather patterns and the threat of rising sea
levels will further aggravate these threats. An under-appreciated and insufficiently modeled
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risk facing Tuvalu is the storm surge generated by distant storms. The risk of distant cyclones
is the focus of this paper.
Briguglio (1995), Intergovernmental Panel on Climate Change (2014) and the World Bank
(2014) recognized the vulnerability of SIDS to disasters arising from the relative inability of
these countries to face forces of these magnitudes because of their geographical constraints.2
Tuvalu is extremely vulnerable to disasters, even by SIDS standards, due to its small
geographical size, insularity and exceptional remoteness, the concentration of economic
activities and settlements along low-lying coastal areas, the narrow width of islands, the very
limited natural resource base, a heavy reliance on subsistence agriculture and inadequate
disaster mitigation capabilities.3 An analysis of the 2010 Tuvalu Household Income and
Expenditure Survey shows that a large proportion of poor households reside near areas prone
to cyclone surges (Taupo et al. 2016).
Recently, both Tropical Cyclones (TC) Pam and Ula in 2015 re-focused attention on
the vulnerability of Tuvalu to cyclones after a relatively benign period of 18 years. TC
Pam appeared on the world’s radar screens on March 6th, but became a full blown
category V cyclone on March 12th. In the two days previous to that date, it was not
moving very fast, and generated a significant storm surge that hit the outer islands of
Tuvalu. This surge peaked on March 11th (see map in Fig. 1). Although TC Pam’s centre
passed over 1000 km away from Tuvalu, Tuvaluans found themselves significantly
affected by the storm surge the cyclone generated. According to our calculations based
on the survey described below, Tuvaluans suffered large monetary losses amounting to
almost 10% of GDP due to damages to properties, appliances and assets, loss to
plantations and livestock, and to infrastructure.4
Here, we examine the experience of Tuvalu with TC Pam. Since many low-income
households reside in high-risk areas with minimal capacity to prepare and respond to weather
risk, we pay special attention to them. The main focus of this paper is to enrich our
understanding of vulnerability, exposure, and responsiveness to cyclones for the residents of
SIDS, particularly to distant cyclones for atoll SIDS.5
For that purpose, we first describe the results of the post-TC-Pam household survey we
conducted, and estimate the determinants of damage and loss associated with the cyclone. We
then calculate the estimated damage with hypothetical scenarios accounting for reduced (or
increased) vulnerability, exposure, and resilience.
2 Christenson et al. (2014) found out that in their estimations of population exposed to cyclones, more than half
of the top 20 countries world-wide are from the SIDS
3 The Emergency Events Database (EM-DAT) recorded only four storms that affected Tuvalu from 1900 to 2016:
the 1972 Tropical Cyclone Bebe, 1990, 1993, and the recent 2015 Tropical Cyclone (TC) Pam. Bebe in 1972
struck down 90% of the houses and killed six people. The other publicly available database of disaster impacts -
DesInventar, in contrast, lists tropical cyclones that hit Tuvalu in 1959, 1965, 1972, 1984, 1987, 1990, 1992,
1993 (twice), 1997 (twice), and 2015. Both datasets underestimate disaster damages for Tuvalu for a variety of
reasons (see Noy 2016, for details). Kaly and Pratt (2000) reported that out of the 4 Pacific Island Countries they
examined (Fiji, Samoa, Tuvalu and Vanuatu), Tuvalu received the highest environmental vulnerability. Of the
atoll island countries, Tuvalu, Kiribati, and the Maldives were found to be extremely vulnerable while Marshall
Islands and Tokelau were marginally less vulnerable.
4 This figure is proportionally twice as large as the damage experienced in Japan from the 2011 triple earthquake-
tsunami-nuclear accident catastrophe.
5 The Atoll nations are Tuvalu, Kiribati, Tokelau, Marshall Islands (in the Pacific) and the Maldives (in the Indian
Ocean). There are other populated atoll islands in other countries in the Pacific and elsewhere.
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There is an extensive literature, from various disciplines, covering the concepts of
vulnerability, exposure, and resilience with respect to natural hazards. An offspring from
multiple conceptual frameworks is the now widely used framework whereby risk is a
Fig. 1 Tuvalu islands and the trajectory of the TC Pam. Note: The green dots on the TC Pam track denote the
points when the Islands of Tuvalu were hit the hardest by the cyclone. The tracking dots are measured at 6 h
intervals. The blue dots represent the affected islands that were included in our Survey
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multiplicative function of hazard, exposure and vulnerability.6 It is this theoretical
framework that grounds our empirical investigation.
Smith and Rhiney (2015) and López-Marrero and Wisner (2012) stress that vulnerability to
negative impacts of weather risk is partly a function of the differential coping and adapting
capabilities of various groups of people. They further point out that vulnerability to climatic
impacts is inherently developmental as the differentiated levels of exposure and sensitivity to
natural hazards are partly created by basic social and economic inequalities, and access to
resources, assets and government support.7
Field et al. (2014a, b) defines Risk as the Bpotential for consequences where something of
value is at stake and where the outcome is uncertain, recognizing the diversity of values. It is
often represented as the probability of occurrence of hazardous events^; Hazard refers to the
Bpotential occurrence of a natural or human-induced physical event or trend or physical impact
that may cause loss of life, injury, or other health impacts, as well as damage and loss to
property, infrastructure, livelihoods, service provision, ecosystems, and environment
resources^; Exposure is the Bpresence of people, livelihoods, species or ecosystems, environ-
mental functions, services, and resources, infrastructure, or economic, social, or cultural assets
in places and settings that could be adversely affected^; and Vulnerability is define as the
Bpropensity of predisposition to be adversely affected…including sensitivity or susceptibility
to harm and lack of capacity to cope and adapt^ (Cavallo and Noy 2011; Noy 2016; Taupo
et al. 2016; Yonson et al. 2016; World Bank and GFDRR 2013; UNISDR 2009; United
Nations 2015; Wisner et al. 2011; Wisner et al. 2003).
In our analysis, a disaster leads to (ex post) impact, which can be expressed as:
Impact = Vulnerability × Exposure × Hazard × Responsiveness.8 Our data on actual disaster
damages at the household level are unique, and they enable us to estimate the role of
vulnerability, exposure, hazard and responsiveness at the micro-economic level, rather than
at the macro-aggregate level as was previously done. This further enables us to estimate the
likely impact various policies would have on disaster risk were they to be implemented.
Besides our methodological contribution, our paper is one of the first, as far as we are aware,
that investigates quantitatively the impact of cyclones on atoll islands. More importantly, we
believe it is the first paper that quantifies the extreme cost that very distant cyclones can
impose on atoll islands. Since these costs are typically not assessed, nor accounted for in risk
modeling, this lacunae means that disaster risk for atoll islands is typically grossly
underestimated.
6 Examples include Clark et al. (1998) which stresses that the two functions of vulnerability are exposure and
coping ability. This coping ability is partitioned in their analysis into resistance and resilience. According to
Briguglio et al. (2009), risk is determine by exposure and coping ability that are associated with vulnerability and
resilience, respectively. Cutter et al. (2008) discusses a framework called the Disaster Resilience of Place (DROP)
model which explains and articulates the relationship between vulnerability, resilience and adaptive capacity.
However, they defined vulnerability and resilience as the inherent characteristics that create the potential for
harm, and the ability to respond and recover from disasters, respectively. There are multiple other frameworks,
including many works that emphasized the root causes of vulnerability and the role of poverty in these dynamics;
work that is frequently associated with Wisner and his co-authors (e.g., Wisner et al. 2003). See Noy and Yonson
(2016) for a survey of the relevant concepts and their measurement.
7 There are many other recent studies and discussions on resilience (Frankenberger and Nelson 2013; Gall 2013;
Mitchell et al. 2013; UNDP 2013).
8 Previous empirical examinations of direct cyclone impact include, for example, Akter and Mallick (2013),
which examine the impacts of a cyclone in Bangladesh, and show the negative impacts of the cyclone on income,
employment and access to clean water and sanitation.
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Estimation Method and Survey Data
We carried out a detailed household survey from November 2015 to January 2016 in the five
islands that were affected by Tropical Cyclone Pam in March 2015.9 The survey includes
administered interviews to 321 households from 14 different villages representing 58% of the
total number of households in the affected islands. The interviewed households were randomly
selected following a procedure followed by the Tuvalu Central Statistics Division.10 The
questionnaire was translated to the Tuvaluan language.11 Detailed information was obtained
on losses and damages to households; see Table 1.
We estimated a statistical model to determine the association between disaster impact and
vulnerability, exposure, hazard, and responsiveness where we use a conventional cross-
sectional sample of n independent observations of households (denoted i) from the survey
we conducted after the cyclone (where i = 1, ..., n). The observations for loss and damage are
linearly conditional on a set of explanatory independent variables as in:
LDi ¼ αþ βvVuli þ βeExpi þ βhHazi þ βrResi þ εi ð1Þ
LDi is the total loss and damage experienced by household i, summed up from the survey
responses on all the specific loss and damage items. Vuli , Expi ,Hazi , Resi are vectors of
independent variables, derived from the survey responses or the household location, and
described as measuring vulnerability, exposure, hazard and response. The β vectors are the
vectors of estimated coefficients describing the partial correlation between these measures and
loss and damage per household. The estimated regression also includes a constant (α) and an
independent and identically distributed (iid) error term (εi).
Vulnerability is a vector of household characteristics that measure household vulnerability
to the cyclone; Exposure is a vector measuring the extent of household exposure to TC Pam
based on their geo-location; Hazard is a vector of the distance of the cyclone path that indicates
the strength of the storm hazard that households experienced; and Responsivenessi is a vector
that measures the ability of households to respond or react to TC Pam. All of this data is
collected from responses to questions and from the households geo-location as recorded when
conducting the survey.
Our data is a cross-section of household survey responses after the cyclone. Since we do not
have a panel of responses (with observations from below the cyclone), we cannot do diff-and-
diff estimation. Our results might be biased if there are omitted variables that are correlated
with the hazard, exposure, or vulnerability, and the disaster’s damage. As we have a fairly rich
set of respones from households, we doubt that this missing variable bias of is significant
9 The full questionnaire is available for download at: https://sites.google.com/site/noyeconomics/research/natural-
disasters.
10 We used a systematic random sampling approach. We started with the full list of households compiled by the
2012 census. From there, we calculated a skip interval before randomly selecting a starting point from this list of
households (made available to us from the Central Statistical Division). We then count down and skipped by the
skip interval to identify the list of households to be questioned. The survey questionnaire was approved by the
Victoria University of Wellington’s Ethics Committee before the survey was conducted. We encountered some
difficulties during the period of the survey around December 2015 as Tuvalu was hit by gale-force winds from
TC Ula, preventing ships from going to the outer-islands for almost a week, but the administration of the survey
was eventually completed in early 2016. The results presented here were weighted using weights employed by
the Central Statistics Division Tuvalu to represent the population of the outer islands.
11 The survey was conducted using trained interviewers, trained and supervised by one of the authors.
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empirial concern, but of course we cannot exclusively establish that. The model we estimate is
similar to cross country models that were estimated by numerous papers since the pioneering
work by Kahn (2005) (Table 2).
Table 1 Description of variables and their sources
Variable Mean STD Min Max
The logarithm of loss and damage (in AUD) 6.49 2.11 3.69 10.30
The logarithm of income per person (in AUD) 3.63 1.00 0.69 7.54
Loss and damage (in AUD) 3406 6304 40 29,800
Monthly income per person (in AUD) 65.54 142.48 0 1875
Number of persons in the household 4.8 2.6 1 15
Strong house structure, 1 if cement 0.83 0 1
Distant to the nearest coastline in meters 166 107 27 563
Elevation of household in meters 9.4 3.5 1.8 17.7
Total distant to the coasts (land width) in meters 889.1 485.1 113.9 2425.2
Distant from household to the cyclone path in km 973.53 68.50 906.13 1100.09
House preparation for cyclone, 1 if house was strengthened 0.51 0 1
Training/capacity-building experience from cyclone response workshops, 1
if yes
0.74 0 1
Received cyclone warning at least 12 h in advance, 1 if Yes 0.32 0 1
The only variable for which we do not have the full 321 responses is income (only 305 responses). All variables
were based on authors’ calculations from the primary data collected in the survey. Geo-location information is
based on Global Positioning System (GPS) locations of households using reference system UTM Zone S60 with
ellipsoid WGS 84 and the Digital Elevation Model (DEM)
Table 2 Risk, vulnerability and resilience indicators
Indicators Poor Non-poor
Risk Loss in AUD (mean) 680 942
Damage in AUD (mean) 2518 2680
Loss and Damage in AUD (mean) 3186 3612
Loss and Damage over income in AUD (mean) 93 15
Vulnerability Monthly Income in AUD (mean) 97 436
Households (%) 51 49
Number of persons in the household (mean) 5 4
Number of dependents i.e. children and elderly (mean) 3 3
Household lived in concrete and wood house (%) 85 81
Distance from the cyclone shelter in minutes (mean) 14 12
Exposure Households live within 100 m from the coast (%) 31 34
Residing in low elevation (%) 13 18
Hazard Distant from the cyclone path in kilometers (mean) 973.5 973.6
Respond Ability Strengthen house in preparation for the cyclone (%) 55 45
Shift valuable assets to safe place (%) 47 43
Households attended cyclone respond workshops (%) 74 75
Households received a cyclone warning (%) 63 60
Percentage of income usually saved (%) 2.85 2.90
Household evacuated to the cyclone shelter (%) 44.5 41.1
Social safety net (%) 29.9 22.9
Access to credit (%) 32.9 33.1
Households received some form of assistance (%) 95 100
Relocation Prefer to relocate to a safer place (%). 44 37
Source: Authors’ calculations from the Pam survey. Note that N = 321 where N(Poor) = 164 and N(Non-
Poor) = 157.
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There is no common definition nor a widely-agreed method for calculating loss and damage.
Here, similarly to ECLAC (2014), loss and damages are aggregated at the household level and
are proxied by the estimated replacement/reconstruction costs for damages to properties and
assets, and the estimated income losses due to livestock and crop losses. There was no loss of
human lives from the TC Pam, nor much evidence of increased morbidity.12
The hazard itself, TC Pam, passed far away from Tuvalu, but the storm surge and heavy
rainfall led to flooding and wave damage. Since the storm’s centre passed far away, the exact
direction of each household relative to the storm’s circular movement is not materially
important. As a proxy for the strength of the cyclone we focus on measuring the distance of
each household from the cyclone path. This measure does not vary much within each island,
but enables us to proxy the intensity of the hazard in each island.
For our measure of exposure to the cyclone, we measured the distance to the coastline and
the household’s elevation above sea-level.13 Following much of the literature, vulnerability is
proxied by income per person, household size, and the strength of the house (whether it is
made of cement or wood). The ability to react and respond positively in preparation for the
cyclone is potentially effective in lessening the impact of the disaster. Our binary proxy
indicators for responsiveness are whether the house was strengthened in preparation for the
cyclone, whether the household head received cyclone response capacity training, and whether
the household received timely cyclone warning.
Analysis of Survey Responses
Household Characteristics
We first asked about the household details and characteristics before elaborating on the impact
of the TC Pam. About 60% of families have a gas stove, refrigerator, and a motorcycle (see
Fig. 2). More expensive durables such as air conditioners are owned by almost no one given
the low monthly cash incomes for most households. Most families live in houses that are more
than 20 years old. 83% of houses are made of concrete. 97% of households owned their
houses.14 Around 30% of the surveyed households have a mobile phone.
We follow Haughton and Khandker (2009) in defining a poverty line to identify the poor
from the non-poor. The line is determined based on the cost of basic needs where the cost of
acquiring enough food for adequate nutrition is added as a measure of non-food essentials.15
12 Since there may be differences in the valuation people attached to identical assets, we ask people about the
assets they lost, and then convert these to monetary values using market prices. This follows the methodology
followed by the Desinventar, the disaster damage dataset collected by the United Nations (UNISDR).
13 In places with more nuanced topography with potentially lower elevation further inland, distance to the coast
and elevation may not be enough. In such case the exact layout of the land will be necessary in order to
understand exposure. For Tuvalu, this is unnecessary.
14 Generally, families (homeowners) in the outer islands rarely move away from their land. Land is very scarce in
Tuvalu, and owners are therefore reluctant to leave the family land (lest it be occupied by more distant relatives).
It is therefore implausible that the storm triggered any population movement that will bias our sample (as the
survey was conducted ex-post).
15 The consumption bundle of adequate food and non-food estimates a poverty line that is seen as a reasonable
minimum expenditure required to satisfy both basic food and non-food needs. We used an estimated food
consumption expenditure required for daily calorie energy intake per person that is parallel with the FAO
requirement of 2100 kcal (Kcal). This measure is consistent with the official poverty measure used by the
Government of Tuvalu. More details regarding poverty measures in Tuvalu are available from Taupo et al. (2016)
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Hence, we refer to the poverty incidence as the percentage of those households who fall below
the basic needs consumption level. Overall, 81% of the reported income accrues to the non-
poor, though almost 34% of expenditures are consumed by poor households.
Problems faced by households in the aftermath of the cyclone include the unavailability of
transportation, price rises of essentials, unavailability of drinking water, food, fuel, and other
supplies, and power supply disruptions (see Fig. 3). Most households reported damages to
kitchenware, plumbing, house structure, electrical wiring, etc. Kitchenware and plumbing were
the most damaged items reported since households in the outer-islands typically have outdoor
kitchens, and outdoor plumbing from roof gutters to water storage tanks. Flooding of the road
outside and power supply cut-offs were the main reasons for losing work. On average, families
went without electricity for two days. On average, households reported losing about two
working days and seven school days for children.
More households view climate-related disasters as the most significant threat to their
livelihoods. Figure 4 shows various stressors that households identify. The highest ranked
Fig. 2 Asset ownership
Fig. 3 Cyclone impacts
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stressors are natural hazards, i.e. cyclones, droughts and floods. Most pertinent here is that
almost all households view cyclones as a major threat (97%). After climate related hazards,
monetary concerns are the next stressor; while overcrowding is the least significant stressor in
the outer-islands.
Damage
As previously noted, the damage is the approximate replacement value of household assets
damaged/destroyed by the cyclone. In order to properly estimate the damages to dwellings
using replacement cost, we consulted with construction experts and distributors of building
materials, furniture, and equipment.16 There is no formal insurance available in Tuvalu; but
there is informal self-insurance from small amount of household savings and some potential
for remittances from families abroad. Most costs were borne directly by the owners of assets;
though they may receive external assistance (from family abroad, from the government or
from external donors). Since we rely on a household survey, our estimates do not account for
any damages to public buildings and public infrastructure. For the damages, we computed the
estimated cost needed to rebuild or repair the damages to property and assets.17,18
Fig. 4 Multiple stressors affecting households
16 We gathered price lists of building materials and furniture from hardware outlets in the capital. We used market
prices for estimating equipment values.
17 These estimated cost of houses, local kitchens, outdoor toilets, water tanks and others were gathered from the
Public Works Department (PWD), while the 2015 prices of building materials were collected from the Central
Statistics Division and quotations from the 3 main hardware stores (JY Ltd., McKenzie Ltd. and Messamesui
Ltd) on Funafuti.
18 The same principles were also applied for other damages, by tagging a value on an item that is being lost or
destroyed, using local market prices to determine their values. If two pigs died as a consequence of the cyclone,
then we used a value of AUD 200 if they both weigh 20 kg at a local price of AUD 10 per kg. We used a similar
procedure for crops and plants. Local market prices for 2015 were gathered from the Central Statistics Division.
Unlike crops and plants that have a shorter lifespan and are harvested and new ones are replanted again in their
places, fruit trees provide fruits for a longer period. Valuing their loss is therefore more complex. The only
information that was collected is the number of fruit trees and their expected lifetime left in years. For consistency
across households, the acquired information together with the local market prices of the fruits were used to
calculate the values of fruit trees that were lost.
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People in the outer-islands of Tuvalu live on fish, staple crops (e.g. taro and pulaka), fruit
trees (e.g. breadfruit and coconut), vegetables (e.g. cucumbers and tomatoes) and livestock
(pigs).19 Livelihoods in Tuvalu’s outer islands heavily depend on these essentials. Losses in
terms of livestock and agricultural plantations were substantial, and are included in our
estimates. On the other hand, ‘damage’ refers to assets e.g. houses, local kitchens, outdoor
toilets, water tanks, and others that were damaged and can be repaired. Overall, 95% of
households reported that they incurred loss and damage.
Based on our summations from the survey responses, the estimated loss and damage to
households in Tuvalu is AUD 1,796,497, which is almost 4.4% of 2015 GDP.20 However, the
overall loss and damage at the national level is estimated to be around 10% of the GDP.21 From
the survey, we find that agriculture accounts for 5.3% of loss and damage while 14% and 4.2%
goes to crops and livestock, respectively. Poor households bore the brunt of the cyclone
incurring about half of the total loss and damage.
Two islands, Nukufetau and the capital Funafuti, have lagoons and islets on their Western
side, the side from which the storm surge came. They were thus largely shielded from the
cyclone and experienced minimal direct impacts. A similar storm surge coming from the East
would have been significantly more damaging as about half the population of the country, and
the majority of infrastructure is located on Funafuti.
Only one island, Nukufetau, is surrounded and shielded by its islets and lagoon from
all sides and is consequently much less exposed to storm surges.22 Vaitupu Island was
affected, but not to the extent of the other five islands for whom the damage and loss
information is provided below in Figs. 5 and 6. Nui and Nukulaelae islands were the
most affected in terms of losses to crops and livestock (see Fig. 5). Nui Island suffered
particularly, with damage to housing, kitchens, outdoor toilets, water tanks, livestock,
crop farms, vegetable gardens, fruit trees, and boats higher than in all other islands. The
combination of low elevations and the narrowness of the island contribute to the high
level of impact incurred there.23
As determined by our calculations of the poverty threshold, and on average, the median loss
and damage per household is very similar for poor and non-poor households. Given the
different levels of income, however, both the median and spread of the relative loss and
damage (to income) is much higher for poor households (Fig. 7).
Hazard and Exposure
TC Pam lasted for five days with wind velocities of more than 100 km/h. Most research
projects measure cyclone hazard using wind-speed indicators (e.g., Schumacher and
Strobl 2011; Strobl 2012). Yonson et al. (2016), in contrast, argue that for some
cyclones, most mortality, morbidity, and damage is associated with water rather than
19 Poultry (chickens and ducks) was excluded in the calculations of losses since they are mostly left in the open.
Unlike pigs, they are easily accounted as they are well kept in pigsties.
20 Based on the latest GDP figure of AUD 41.2 million in the Government of Tuvalu 2015 National Budget.
21 This include damages to households, community halls, community water storages, seawalls, clinics, beach
ramps, roads, telecommunication wiring pits, electricity meter boxes, etc. (Tuvalu Government 2015; United
Nations Office for the Coordination of Humanitarian Affairs 2015).
22 Residents of Nukufetau only experienced damage to water storage facilities due to the intrusion of sea water
into water storage tanks; and the crops on Nukufetau were mostly destroyed since they are located on a western
islet that was directly exposed to the cyclone-generated surges.
23 See maps in Figures 10-11.
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wind. In the case of Pam and Tuvalu, these distinctions are not important as the storm
was so far away, and the topography of the islands so uniform (flat) that wind and
rainfall can basically be assumed to be uniform across each island. The only distinction,
and anyway the only source of damage in this case, is the storm surge that impacted
households. We therefore use the nearest distance from the location of each household to
the cyclone path as our hazard indicator. This only captures the strength and magnitude
of the storm surge as it reaches the vicinity of each island.24 On average, the distance of
the cyclone path from the households in our survey sample is about 1000 km.25
Peoples exposure to storm surge and coastal flooding risk is determined by their location.
Most of the affected households, indeed most households on atoll islands, reside in areas prone
to storm surges. Given the small size of all the islands, the whole population of Tuvalu resides
no more than one kilometer away from the sea. In almost all the islands of Tuvalu, populated
areas are on the western side – the direction from which the storm surge came.26 In general,
that meant that in most islands (except for, importantly, the capital Funafuti), the population
was very exposed.
24 Given the small size of these islands, the only significant variability in terms of distance from the storm is
across islands rather than across households within an island.
25 This reliance on distance as a unique indicator of hazard strength is only relevant within the unique context of a
distant cyclone hitting an atoll island. A more nuanced hazard model, that also includes wind speed, rainfall, and
the topography of the affected area will be required in other instances.
26 The prevailing winds are easterlies. In islands without lagoons, populations tend to concentrate on the western
side of the island (away from the wind), while on islands with lagoons, populations tend to reside on the lagoon
side.
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Source: Authors’ calculaons from the Pam survey. Note that N=321.
Fig. 5 Losses incurred by households
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The total population of Tuvalu grew steadily from 9026 in 1991 to 10,782 in 2012. The
percentage of the population living on the capital island, Funafuti, also increased from 32.6%
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Fig. 6 Damages incurred by households
Fig. 7 Income, expenditure, loss and damage by income classification
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in 1991 to 57% in 2012.27 We produced GIS maps linked to the household surveys and
measured exposure using household distance to the coastline and household elevation (lower
elevation areas are more prone to flooding associated with storm surges).28
Figure 8 provides some statistics about the households’ exposure. Households that live in
houses that are less than 5 m above the low water line are described in panel (a), while
households whose residence is less than 100 m from the coast are described in panel (b). We
further distinguished between the poor and non-poor households using the definition of
poverty described earlier. It is obvious to observe that the residents of Nui and Nukulaelae
are the most exposed, with some additional significant exposure in Nanumea.
Many of our surveyed households reported surges from TC Pam entering their homes. On
Nui, 98% of households reported that surges from the TC Pam entered their homes. Similarly,
Nanumaga, Nanumea, Niutao, and Nukulaelae reported 15%, 60%, 32% and 66%, respec-
tively – again, this clearly corresponds with the exposure data described in Fig. 8 that identified
Nanumea, Nui, and Nukulaelae as the most exposed.
Vulnerability
Household characteristics such as income, household size and the structural strength of the
house they reside in were used as indicators representing the vulnerability of households.
Household income distribution in Tuvalu’s outer-islands shows substantial income inequalities
with 20% of the households earning less than AUD50 per month. Around 50% of the
population earns below AUD150 per month, whereas the top 10% earn more than AUD475
per month. The annual per capita income is USD414.29 This poverty in the outer-islands also
corresponds with almost 40% of the population living in non-concrete houses.
Although people in the outer-islands are less dependent on cash because they have access to
natural resources to support their daily food consumption, money is increasingly being used in
purchasing imported basic food items as substitutes for subsistence consumption. Practically,
people in the outer-islands often receive remittances from their families working in Funafuti
and overseas to pay for basic food items, electricity, and community and church contributions.
27 Information calculated from the 1991 and 2012 Censuses.
28 As the hazard we explore here is the storm surge that was generated by the TC, the distinction adopted here
between hazard (distance from cyclone) and exposure (elevation and proximity to coast) is arbitrary, and our
choice of terminology is not driven by any clear distinction between the two concepts in this specific case.
Fig. 8 Household exposure
29 The conversion rate of 1USD Dollar (US Dollar) = 1.33AUD Dollar (Australian Dollar) was used throughout.
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The government also indirectly subsidizes electricity and shipping charges for the outer-islands
by charging for these services below costs. In turn, families, communities and churches serve
as safety nets in times of hardship. These support mechanisms are one a reason there are few
families displaying abject poverty.
Responsiveness and Poverty
The importance of early warning as a priority for disaster risk reduction is well recognized
(e.g., Hallegatte 2013). In anticipation of the cyclone, 51% of households moved to safe
shelters, and 42% shielded or covered windows. As expected, food and water were the most
stocked-up items just before the cyclone. Surprisingly, strengthening the building they live in
was only undertaken by a minority of the respondents (Fig. 9). This failure to undertake
significant strengthening can be explained by the timing of the early warning that was
provided. Very few households received warning 48 h ahead of the cyclone - a lag that would
have enabled more preparation and strengthening. Still, warning was sufficient so that 45% of
households shifted their assets and valuables in anticipation of the cyclone (24% shifted their
assets to other houses and 21% elevated them within their own houses).
The majority of people received cyclone warnings from the radio broadcast and island
community alarms, but 39% did not receive any warnings of the cyclone. Fifteen percent of
households were not aware of any safe shelters that were available for them during the
cyclone. The average time a household had to travel to reach a safe shelter is 13 min, but
57% of households never did shift to these shelters. Around 26% received some cyclone
response training.
Fig. 9 Responding to the cyclone
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Incomes of these poor households are far less than what is needed to cover losses incurred.
Only 10% of households have reported saving some money in the National Bank of Tuvalu
(NBT).30 The average amount saved is about 2% of monthly income. On average, non-poor
incurred more actual damages (in dollar value) than the poor by a small margin. However, poor
households suffered six times more than non-poor households relative to income. If house-
holds were to use all their income to rebuild back the damages, it would take up to at least
15 months for a non-poor household to rebuild the damages and recover back to normal, while
a poor household takes at least 93 months.
Estimation Results
Table 3 presents the estimation results of our econometric model explaining the log of loss and
damage per household (the measures collected from the survey, as described in section 4). The
benchmark regressions (Eq. 1) are estimated for the full survey sample (305 households) and
separately for poor and non-poor households as previously defined (columns 1–3). F-tests
indicate overall statistical significance of the model, and the R2 values indicate the overall
goodness of fit of the model (0.28–0.33) suggesting about a third of the variability of the
household damage and loss is correlated with the vulnerability, exposure, and responsiveness
indicators we measured for each household.
For the vulnerability indicators, we find that income per capita is negatively associated with
loss and damage in poor households (column 2) – i.e., the lower the income, the higher the
losses. In richer households the association is positive (richer households have more assets of
higher value that can be damaged and more crops and land because of which they can
experience higher income loss). It is only for the poor households that the association is
statistically significant (as the coefficient is much larger). For these poorer households,
additional income is probably translated into improved ability to mitigate damages, resulting
in this negative association. This U shaped association between loss and damage (on the y-
axis) and income (on the x-axis) has not been reported in the literature before, as far as we are
aware. There is no clear association between household size and the dependent variable (loss
and damage). Unsurprisingly, those households that have a cement house experience lower
damages; though this association is statistically not very robust.
In terms of exposure, the closer the households are to the coast, and the lower their
elevation, the higher the damage and loss these households experience, holding everything
else constant. The total disatance measuring the width of the island at the household’s location
(another proxy of possible exposure) is also statistically significant and positive (for the overall
sample; though the coefficients estimated in the sub-samples are of similar magnitude). The
size of this coefficient, the impact of total distance is an order of magnitude lower than the one
meausuring the disatance to the nearest coast. As such, these are all unsurprising, but are very
important as projected anthropogenic sea-level rise will make houses in Tuvalu inevitably
much more exposed to these distant cyclones as the islands are reduced in size and the
elevation above sea level is reduced. We investigate this issue further in the next section.
We also observe that the closer the households were to the cyclone’s path, the higher the
stated losses and damages were. Interestingly, the ‘decay’ in the level of damage as the
distance from the cyclone increases is not very large. For every additional kilometer of distance
30 In the 2012 Census, 80% of households reported having access to NBT, the only bank operating in Tuvalu.
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the decrease in loss and damage because of cyclone Pam is 0.5%. This is an important point. It
suggests that our assessment of risk for Atoll Islands should take into account also the very
distant cyclones (such as Pam) that are currently not assessed as potentially destructive in most
risk models—e.g., in the PCRAFI Risk Assessment Model. A cyclone that passes 1000 km
away from a location, as was the case for Pam for Tuvalu, is not typically modeled as causing
any damage.31
In terms of the ability to respond to an oncoming cyclone, we find that households that
received early warning (at least 12 h in advance) did indeed manage to reduce their damage
and loss.32 Interestingly, the efficacy of early warning was higher for poor households in
reducing loss and damage; though the differences between the two subsamples are not
statistically significant. Cyclone response training and ex ante house strengthening both appear
to reduce loss and damage but these impacts are largely driven by their efficacy for richer
households. One can speculate why that might be the case—maybe this is related to the
elevated ablity of non-poor households to affectively act upon the information they receive—
but we have no direct evidence to demonstrate that this indeed might be the reason for these
observed differences.
We investigate the efficacy of several additional control variables in Table 3, columns (4) to
(7). The only variable for which we find a consistent, statisically significant finding, is the
binary indicator measuring whether a household shifted assets to a safe place. Other variables
were not statisically associated with the loss and damage in any materially consistent way.
Hypothetical Scenarios of DRR Policies
The results from Table 3 allow us to identify the empirically observed relationship between
vulnerability, exposure, and hazard intensity and the actual loss and damage from a distant
cyclone, as experienced by households living on low-lying atoll islands. These results also
allow us to construct hypothetical scenarios in which vulnerability and exposure are changed
(via policy choices) and estimate the likely consequence these changes may have on cyclone
loss and damage. These estimates are presented in Tables 4 and 5.
Table 4 presents the observed loss and damage totals, as calculated from the survey
responses. The first column represents the totals obtained directly from the survey responses.
The second column calculates what would have been the total loss and damage experienced by
31 This observation is based on conversations with AirWorldwide, the modeler for the Pacific Catastrophe Risk
Assessment and Insurance (PCRAFI) program. We suspect this is the case for other natural hazard risk modelers
such as RMS.
32 Though we cannot rule out the possibility that the availability of early warning is somehow endogenously
determined.
Table 4 Hypothetical scenarios
Total Loss and Damage (AUD$)
Survey Responses Outer Islands Total National Total
(i) All household 1,093,440 1,796,497 6,042,874
(ii) Poor households only 524,600 887,814 2,899,191
Authors’ calculations from survey and census data. Note that N = 305 and N(Poor) = 148
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the whole population of the outer islands, as the survey only reached a sample of the
households living on these islands. The third column in the top panel calculates what would
have been the damage and losses had the storm affected the whole population of Tuvalu,
including the capital Funafuti (where about half the population of the country resides).
These calculations indicate that the total household damage and loss in Tuvalu—as a
consequence of cyclone Pam—was about AUD 1.9 million.33 Of that amount, about a half
(AUD 0.9 million) was lost to poor households – see the second row in Table 4. Had the
cyclone hit Funafuti as well (which would have been the case if the wave surges had come
from the East rather than the West), the total loss and damage would have been an estimated
AUD 6 million (14% of GDP).
The estimates we obtained in the previous section enable us to predict loss and damages
that correspond with the minimum, mean and maximum scenarios for selected explanatory
variables. Eq. 1 was employed to estimate these predicted values using the estimated coeffi-
cients from Table 3 and the actual observed values of all variables except for the hypothetical
scenario being examined. As we already observed, there are variations in cyclone impacts
33 The World Bank (2014) estimated Tuvalu’s GDP at AUD 41.7 million, so that total loss and damage to
households was about 4.6% of GDP.
Table 5 Hypothetical scenarios
Scenario Loss and Damage as %
of Loss of Poor
Households (ii)
1 Adjusted vulnerability, minimum income pc (poor households only) 139.7
2 Adjusted vulnerability, mean income pc (poor households only) 69.4
3 Adjusted vulnerability maximum income pc (poor households only) 19.9
Loss and Damage as %
of Loss of All
Households (i)
4 Adjusted vulnerability, all wooden houses 143.1
5 Adjusted vulnerability, all cement houses 91.7
6 Adjusted exposure, minimum distance to the coast 150.1
7 Adjusted exposure, mean distance to the coast 82.1
8 Adjusted exposure, maximum distance to the coast 4.0
9 Adjusted exposure, minimum elevation 192.5
10 Adjusted exposure, mean elevation 87.3
11 Adjusted exposure, maximum elevation 36.9
12 Adjusted exposure, minimum land width 142.7
13 Adjusted exposure, mean land width 106.7
14 Adjusted exposure, maximum land width 48.1
15 Adjusted hazard, minimum distance to the cyclone path 126.1
16 Adjusted hazard, mean distance to the cyclone path 92.0
17 Adjusted hazard, maximum distance to the cyclone path 27.9
18 Adjusted responsiveness, no one strengthened their houses 140.1
19 Adjusted responsiveness, all strengthened their houses 92.3
20 Adjusted responsiveness, no one received cyclone response training 146.1
21 Adjusted responsiveness, all received cyclone response training 83.7
22 Adjusted responsiveness, no one received an early warning 119.1
23 Adjusted responsiveness, all received an early warning 22.9
Authors’ calculations from survey data and estimation results (Table 3 columns 1–2). Note that N = 305 where
N(Poor) = 148
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across households and islands and this allows us to contemplate the likely impacts had these
households exposure and vulnerability been different. Although these hypothetical scenarios
are not entirely credible and present extreme-case scenarios, we purposely seek to understand
the differential impacts imposed by various levels of vulnerability, exposure and hazard for the
islands of Tuvalu.
Table 5 presents the total predicted values of these hypothetical scenarios across house-
holds. In scenarios 1–3, we examine only households classified as poor, while scenarios 4–23
examine the whole affected population of the outer islands (while still maintaining the
assumption that Funafuti is unaffected).
In Scenario 1, we set the income per capita to its lowest recorded value across households.
Similarly, we assigned observed values of the mean income per capita and maximum income
per capita for Scenario 2 and Scenario 3, respectively. As expected, the higher income per
capita is associated with lower loss and damages. Note that for these scenarios we used the
sample of poor households. Likewise, Scenarios 6–14 show adjusted exposure using the
distance to the coast and elevation with different cases, assigning different observed values
of minimum, mean and maximum across all households. Scenarios 15–17 change the param-
eters of the hazard, while scenarios 18–23 investigate what happens when different preparation
for the cyclone is instituted.
For poor households, we observe that had all of them had the income of the lowest per
capita income, the damage associated with the cyclone would have been almost 40% higher
(scenario 1). In contrast, had they all had the highest income in the full sample, the damages
would have been 80% lower (scenario 3). For the full sample, had all houses been constructed
of cement (instead of wood), the damage would have been only about 8% lower – though it is
important to note that most houses are already made of cement.
The extreme exposure of Tuvaluan households is demonstrated starkly when we
examine scenarios 6–14. If all Tuvaluan households were living at minimum distance
the coast (rather than a few additional dozen meters inland), the damage wrought by a
Pam-like cyclone would have been 50% higher (scenario 6). Equally, if all were living at
the minimum elevation, damage would have been almost twice as high (scenario 9). As,
ultimately, both of these things will happen as a result of predicted sea-level rise, it is
easy to see how significant is future cyclone risk for atoll islands even if the frequency
and intensity of cyclones will not change.
The distance to the cyclone path is also of specific concern. In this case, we note that a
cyclone that was a little bit closer (and still 900 km away) would have increased the damage
and loss associated with the cyclone by 26% (scenario 15). In terms of the possibilities of
generating better preparation and response to the cyclone, the data is suggestive of some
potentially beneficial interventions. In particular, strengthening all houses before the cyclone
would have reduced the damage by 8%, while having everyone (a representative from each
household) attend a cyclone response training would have reduced damage by 17% - scenarios
19 and 21, respectively. Most striking is the apparent efficacy of supplying a better early
warning system (scenario 22–23). In this case, if all were to receive an effective early warning
notice (at least 12 h before the cyclone surge), the impacts would have been lower by 77%.
This finding, while a specific quantitative result of benefit, is in line with other research that
identifies early warning system as by far the best cost effective way of reducing disaster (and
specifically cyclone) mortality.
We present some of these hypothetical scenarios for a specific island, Nui, in Fig.
10. Here we map the specific changes to the different areas of the island as if some
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Fig. 10 Hypothetical scenarios for Nui island. Source: authors’ digitized maps
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of these hypothetical changes were implemented. Potentially, one can present similar
results for each of the 23 scenarios we evaluated at the national level. To further
demonstrate the impact of the cyclone in a more dis-aggregated level, Fig. 11 presents
the mapping of damage and loss for each of the other four affected islands (other than
Nui). In order to preserve the anonymity of respondents, we do this at the village
level.
Fig. 11 Loss and damage for nanumea, nanumaga, niutao and nukulaelae. Source: authors’ digitized maps
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Conclusions and Policy
The study of cyclone risk for small low-lying islands is important as the intensity of cyclones
in the Pacific is predicted to increase and sea levels are predicted to rise. In many ways, a small
island developing state like Tuvalu can serve as the ‘canary in the coal mine’ pointing to the
emerging risks that are being generated as we increasingly experience the impacts of climatic
change. In Tuvalu, 70% of households live less than 200 m from the coastline and with an
elevation of no more than 5 m above sea-level. Households are thus acutely vulnerable to
storm surges caused by cyclones even if the cyclone itself passes very far away. In order to
investigate the impacts of cyclones on low-lying atoll islands, we conducted a survey in
Tuvalu after the islands incurred severe damage from storm surges generated by Tropical
Cyclone Pam (March, 2015).
We first observed that poor households suffered far more losses and damages relative to
their income than the non-poor. This inequity has previously been reported in urban areas in
developing countries as poor households are more likely to live in floodplains or on steep
hillsides. Yet, it is less expected on a Pacific Island where locational decisions of households
are mostly dictated by generations-old land tenure rather than through market mechanisms that
force low-income households to locate in riskier areas. Having summarized the aggregate
impact of the cyclone storm surge on households, we then examined the role of the hazard,
exposure to it, and vulnerability to cyclones in shaping these losses.
Lastly, we constructed hypothetical scenarios in which the exposure and vulnerability of
households is assumed to change, and calculated the estimated loss and damage they would
have experienced. We find large variations in loss and damage that is associated with both
exposure and vulnerability, and quantify these changes against the various scenarios we
assessed. These hypothetical calculations can now serve as the main input into careful
assessments of the feasibility and desirability of distinct disaster risk reduction (DRR) policies.
Importantly, the need for careful assessment of DRR policies was central in the discussions
leading up to the international Sendai Agreement that was signed by almost 200 countries at
the same time that cyclone Pam was hitting Tuvalu.
Apart from the household exposure to cyclones, many other assets, activities and services
were adversely affected by the cyclone, too. Offices and commercial structures, medical
clinics, transportation and communication infrastructure, retail shops, educational institutions,
public utilities and social amenities were all damaged by Pam. Furthermore, there were
disruptions to services and amenities; households reported problems like disruption of power,
water, transportation, fuel and other supplies, and working and school days that were lost.
These problems are associated with indirect losses which are difficult to measure in monetary
terms and were not accounted for here.
Similarly, TC Pam may have adversely affected the health of residents in the outer
islands. These are also difficult to quantify. It is likely that the overall damage and loss,
as experienced not only by households but also include the impact on the government, is
more than twice as large as what was experienced by households (which is what we
measured in this paper).
It is important to remember that the most heavily populated island, and the one that includes
much of the infrastructure including the international deep-sea port, the airport, and most
government facilities, was not damaged at all. Had the storm blew from the East, rather than
the West, the impact on Funafuti could have been very different. If Funafuti was as exposed to
this cyclone as the outer islands, the damage and loss associated with the cyclone would have
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been about three times higher, even though Funafuti only contains about half of the population
of the country.
Households in Tuvalu have no insurance available for them, nor any other way of
transferring risk. As such, the only policy levers that are available for them is to mitigate
damages through changing their exposure and vulnerability. In the absence of insurance and
formal social safety nets, the cost of repairs and replacements have to be borne by families
regardless of their income, and that places an immense burden on poor households. Under
these circumstances, it is not surprising that the government of Tuvalu has been contemplating
providing assistance to impacted households by paying for some of the rebuilding costs
associated with the impact of TC Pam. This places a significant burden on a government that
has a very limited ability to collect additional tax revenue or borrow. Thus, questions about the
desirability of government assistance post Pam also are connected to other questions about the
government’s fiscal position and the sustainability of its spending. In this context, it seems
advisable for policy makers to consider alternative options to provide ex-post assistance to
affected households and at the same time protect the government’s fiscal stance. One possi-
bility would be to explore ways to establish implicit or explicit saving accounts (sovereign
funds), contingent credit lines or insurance contracts that can provide this buffer for disaster
recovery needs and paid for through the Warsaw International Mechanism for Loss and
Damage (Mechler and Schinko 2016).
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